ABSTRACT A novel mixed embroidered-woven coaxial-fed antenna based on a slotted short-circuited textile integrated waveguide has been designed, manufactured, and experimentally validated for its use in wireless applications. The structure of the antenna and the radiating slot can be manufactured using an industrial loom and a laser prototyping machine, respectively, whereas the conductive vias can be manufactured using a commercial embroidery machine, avoiding subsequent treatments or coating. The manufactured antenna presents a central working frequency of 5 GHz and a 20% bandwidth. Good agreement between simulations and measurements has been achieved. In addition, the performance of the antenna has been simulated and analyzed under bent conditions around an air-filled cylinder and using a phantom corresponding to a segment of an arm. This prototype demonstrates the possibility of implementing an alltextile antenna, reducing the backward radiation in comparison to the microstrip-based antennas by the use of a substrate-integrated waveguide topology.
I. INTRODUCTION
During the last decade there has been an overwhelming interest in flexible circuits, especially antennas, based on textile alternatives, thanks to the possibility of integrating them in clothing -such as special garments for firefighters-, upholsteries -sensors based on smart textile-or developing conformable structures. In the literature, a variety of solutions has been developed to implement textile-integrated circuits (TIC). Embroidered techniques [1] - [5] , non-woven solutions [6] - [8] , designs based on using several fabrics with different electromagnetic behavior [9] - [11] or ink-jet printed patterns over textile substrates [12] - [15] are some of the most cited solutions.
Nevertheless, with the aim of implementing a multilayered antenna fully integrated in textile, the beforementioned alternatives are not convenient due to the following reasons. The conventional embroidery technique and the ink-jet printing procedures do not allow the design of multilayer designs, whereas the use of non-wovens or different fabrics requires additional adhesives or gluing procedures in order to fabricate the prototypes. As a consequence, these options prevent the prototypes from being multilayered, all-textile and available for large scale production simultaneously.
For these reasons, the authors have found weaving technology as an interesting alternative to design and manufacture fully textile integrated circuits [16] - [18] . Nevertheless, with the aim of avoiding the backwards radiation resulting from the microstrip structure already discussed in [16] , a novel antenna is presented in this work, whose topology is based on a substrate integrated waveguide (SIW) cavity-backed slot antenna. Although in the literature some approaches to develop textile integrated waveguide (TIW) antennas have already been proposed, they have been manufactured using previously fabricated conductive fabrics, presenting the disadvantages already mentioned [19] - [26] .
Not only the textile SIW antennas presented in the literature have been manufactured using prefabricated conductive fabrics, but also the conductive vias have been implemented using brass eyelets [19] , [20] , [23] , [25] , [26] , avoiding the complete integration in textile. For this reason, in order to achieve the goal of a complete integration of the antenna into the textile, a mixed embroidered and woven coaxialfed cavity-backed slot antenna for wireless applications is proposed in this work.
This paper is organized as follows. In Section II, the structure of the antenna is presented. In Section III, the employed materials are characterized. In Section IV, the simulations are performed. In Section V, the fabrication process is discussed. In Section VI, the experimental validation is presented. Finally, conclusions are drawn.
II. STRUCTURE OF THE ANTENNA
A mixed embroidered and woven coaxial-fed cavity-backed slot antenna for wireless applications is proposed for its operation at 5 GHz with a 20% bandwidth. The antenna is based on the SIW technology, for this reason, the structure is divided into three layers: the slotted layer which corresponds to the top cover, the dielectric layer whose thickness is H, and the ground layer which corresponds to the bottom cover of the SIW, as schematically depicted in Figure 1 , together with the employed coordinate system.
In order to achieve a cavity structure, as already depicted in Figure 2 , one of the ports of the SIW whose length is given by L A , is short-circuited. The short-circuit is achieved using identical extra conductive vias whose diameters are denoted by D and which are separated S between centers. The antenna is fed using a coaxial cable which is connectorised through the ground layer (or bottom layer) of the SIW using a SMA connector. This connector is placed at a distance d F from the short-circuit as depicted in Figure 2 , corresponding to a quarter of the guided wavelength.
The radiating slot, which is placed in the top layer of the SIW, is a rectangle-shaped slot whose dimensions are L S and W S , respectively. With the aim of achieving the required 5 GHz resonant frequency, the slot is placed at a distance d S , corresponding to a quarter of the guided wavelength, from the other port of the SIW, as depicted in Figure 2 , which has also been short-circuited. The beforementioned dimensions are summarized in Table 1 .
The proposed antenna is fully integrated in textile and the different layers of the SIW structure are achieved using weaving technology. For this reason, the structure of the woven layers corresponds to the topology already presented in [27] and summarised in Figure 1 . The TIW structure presented in Figure 1 is composed of a dielectric layer between two conductive plates. On the one hand, the dielectric materials which conform the substrate are polyethyleneterephthalate (PET) and polyethersulfone (PES) for the warp FIGURE 1. Overview of the millimeter-wave TIW proposed in [27] , detailed views and materials (threads with their unraveled filaments). and the weft directions, respectively. On the other hand, the conductive plates are conformed using Shieldex 117f17 2-ply and Shieldex 117f17 1-ply yarns for the warp and the weft directions, respectively. In both cases, the warp threads -which are parallel to the warp direction-are previously mounted in the weaving loom, whereas the weft threads -which are parallel to the weft direction-are successively inserted between the upper and lower sheds of warp threads. The employed materials are analysed in the following section. VOLUME 7, 2019 FIGURE 2. Schematic procedure to design of the proposed antenna, general overview, reference coordinates system, dimensions and detail of the radiating slot, and side view with dimensions and identification of the layers.
III. CHARACTERISATION OF THE EMPLOYED MATERIALS
As previously mentioned, the proposed antenna has been designed using two different techniques. On the one hand, the textile structure composed of three layers has been woven. On the other hand, the conductive vias which connect the different layers have been implemented using an embroidery technique.
The woven structure employed in this antenna has been provided from a sample of the woven structure required in the TIW thoroughly discussed in [27] . However, while the woven structure of the TIW presented conductive threads in both the warp and the weft directions, the woven structure employed in this antenna belongs to a part of the sample where the conductive warp threads have been replaced with dielectric warp threads. In other words, the Shieldex 117f17 2-ply yarns have been substituted for PET yarns, as in the middle layer. For this reason, it is expected that the gain of the antenna is not very high.
Although the equivalent relative permittivity of the substrate has already been discussed in [27] using a three-step modelling technique, and found to be eq = 1.55, the operating frequency of the herein presented antenna is much lower. Consequently, in this work, the equivalent relative dielectric permittivity of the proposed structure may increase due to the fact that the air gaps are smaller with respect to the associated wavelength. With the aim of experimentally characterising this value, a TIW provided with a pair of TIW to coaxial transitions has been manufactured and measured using the same textile structure as the antenna. The measurements have been compared to the corresponding simulations of the layers model (LM), while sweeping the value of the eq parameter. The TIW has been manufactured and connectorised as depicted in Figure 4 , and then measured using an Agilent N5247A PNA-X vector network analyser. A narrow-band performance of the TIW could be anticipated due to the design of the transitions. However, the main goal is finding the central frequency of the manufactured TIW bandpass, which has been found to be f cBP = 5.6 GHz.
Different versions of the LM associated to the TIW have been simulated sweeping the value of the eq and tan(δ) eq parameters, respectively. Eventually, eq = 2.2 and tan(δ) eq = 0.01 have been found to be the values of the equivalent relative permittivity and loss tangent which make the simulations and measurements coincide, as depicted in Figure 5 . Consequently, as predicted, the equivalent relative permittivity has increased. The obtained values of these parameters have been found to be coherent in comparison to measured values of these parameters beloging to different textile substrates in the literature [28] , [29] . Employing the same procedure, the equivalent electrical conductivity has been found to be σ eq = 2 · 10 4 S/m. This poor value of conductivity is translated into the value of the transmission loss of 1.5 dB/cm, as can be seen in Figure 5 .
IV. SIMULATIONS
Once the materials have been characterized, the mixed embroidered and woven cavity-backed slot antenna has been designed and simulated. The LM corresponding to the proposed design has been analysed using a 3D high frequency electromagnetic simulator and a FDTD solver. The complete antenna cannot be simulated using the monofilament model (MM), due to the computational resources required. The same problem happened with the mentioned TIW to characterize the woven structure, both structures are composed of numerous threads. The MM can be employed in woven structures when they are composed of a reduced number of threads due to the fact that they operate at higher frequency ranges -as occurs in Figure 1 -or because the threads are thicker and less threads are required to conform the woven structure.
In order to feed the antenna, a short 50 -impedance coaxial cable has been simulated, one of its ports has been connected to the antenna as presented in Figure 2 as if it were a SMA connector. In the second port of this coaxial cable, a waveguide port has been defined to excite the electromagnetic field in the coaxial cable and, correspondingly, in the antenna. Figure 6 depicts the simulated magnitude of the reflection coefficient (dB) and bandwidth (shaded) using the LM. Figure 7 represents the definition of the E-plane and the H-plane of the proposed antenna, whereas Figure 8 depicts the simulated normalized radiation patterns: E-plane and H-plane, including both co-polar (CP) and cross-polar (XP) contributions.
The simulated values of the gain, directivity and total efficiency are G S = −5.1 dB, D S = 6.3 dB and VOLUME 7, 2019 FIGURE 7. Definition of the E-plane and the H-plane. eff_S = 7.2%, respectively. The negative value of the simulated gain is, essentially, due to the low value of the equivalent conductivity. This low value is the result of using conductive material only for the warp threads, instead of for the warp and the weft threads.
A. ADDITIONAL SIMULATIONS
The antenna has been additionally simulated under different conditions. First, the antenna has been bent around a air filled cylinder whose radius is denoted by R C , as schematically represented in Figure 9 . This condition is important to analyses, as the antenna will be manufactured using non-rigid materials and its flatness cannot be ensured. Additionally, in Figure 9 , the coaxial cable employed to feed the antenna is also represented.
Secondly, a phantom corresponding to a segment of an arm has been developed for the corresponding simulations, as schematically represented in Figure 10 . The segment of the arm consists of the intersection between to circumferences whose radius is given by R M = 50 mm, and a rectangle whose thickness is denoted by T M = 10 mm. The resultant surface has been extruded a length given by the L M = 100 mm, the length of the segment of the arm. The arm phantom is also composed of the corresponding bones, the radius and the ulna. The cross-sections of both bones have been approximated by two elliptic circumferences. The corresponding radii of the radius bone are R RX = 7 mm and R RZ = 5 mm, respectively, whereas the radii of the ulna bone are given by R UX = 9 mm and R UZ = 6 mm, respectively. Both bones are separated a distance D B = 23 mm between their centers. The most relevant characteristics of the materials which compose the phantom, from f min = 3 GHz to f max = 7 GHz, are summarised in Table 2 . In Figure 11 , the simulated magnitude of the reflection coefficient of the antenna in different scenarios is represented. The |S 11 | parameter is slightly deteriorated when the antenna is bent a radius R C , the greater the radii, the more deteriorated the performance of the antenna will be. When the antenna is put over the mentioned phantom, the |S 11 | parameter is modified from −35 dB (flat antenna) to −25 dB (antenna over the phantom). Nevertheless, |S 11 | = −25 dB still represents a good performance of the antenna. Figure 12 depicts the simulated E-plane normalized radiation patterns corresponding to the already mentioned different scenarios. Both the CP and XP contributions have been normalized using each corresponding maximum value of each CP contributions. The CP contributions present the maximum at θ = 0 • except in the simulation over the phantom, in which the directivity is reduced 2.5 dB at θ = 0 • . The XP contributions are at least 40 dB below the CP contribution at θ = 0 • for all the different scenarios.
Alternatively, Figure 13 represents the simulated H-plane normalized radiation patterns corresponding to each of the mentioned scenarios. The normalization procedure has been analogous to the one already explained for the E-plane. The CP contributions present similar values for the different scenarios except for the one using the phantom, in which the value of the radiation pattern in the backward direction (θ = 180 • ) has increased almost 6 dB. The XP contribution decreases for every value of the angle θ when the antenna is analysed under the bent conditions or using a phantom. Figure 14 depicts the simulated 3D radiation pattern corresponding to the antenna over the phantom in which the reduction of the mentioned 2.5 dB at θ = 0 • for the E-plane can be easily identified.
V. FABRICATION PROCESS
A fully textile integrated antenna has been manufactured using three processes. First, the woven structure composed of three layers has been manufactured using an industrial loom. Secondly, an embroidery process has been employed to manufacture the conductive vias. Finally, a cutting process has been required to fabricate the radiating slot. Once the antenna is fabricated, it is connectorised using a SMA connector which is glued to the textile prototype employing conductive epoxy glue.
The woven structure is composed of three layers. The middle layer is completely dielectric, however, the conductive covers of the TIW structure have been manufactured using conductive weft threads and dielectric warp threads. This is due to the woven structure employed to fabricate the proposed antenna has previously designed and employed for another purpose. Figure 15 depicts several schematic drawings of the woven structure. In Figure 15a , a side view of the woven structure is presented, where the warp ends and the weft threads are depicted. Figure 15b represents the side view of the woven structure after cutting the threads belonging to the radiating slot using a laser prototyping machine LPKF ProtoLaser. To avoid the presence of loose threads after the cutting process, the woven structure has been manufactured using dielectric binders, as depicted in Figure 15c .
Cutting the radiating slot using a laser prototyping machine has been decided due to the unavailability to use a weaving loom provided with an automatic cutting mechanism and an auxiliary layer.
The conductive vias of the prototype are achieved using an embroidery procedure with a Brother Innovis NV2600 embroidery machine. The conductive thread which emulates the conductive vias has been schematically represented in Figure 15d , in which it is embroidered in the woven structure. As a result, Figure 16 depicts the manufactured prototype. Figure 16a and Figure 16b represent, respectively, the top and bottom views of the prototype before its connectorisation. Analogously, Figure 16c and Figure 16d depict the top and bottom views of the manufactured prototype after the connectorisation. Figure 17 depicts detailed views of the manufactured prototype and corresponding magnifications. In Figure 17a , the conductive cover of the woven SIW structure is depicted, in which the conductive warp threads and the dielectric weft threads can be identified. Figure 17b represents the woven substrate, whereas Figure 17c depicts a side view of the prototype where the three layers can be easily identified. 
A. POSSIBLE IMPROVEMENTS FOR THE PROTOTYPE
Although this paper presents a first approach to develop a TIW based antenna for wireless applications, the prototype can be enhanced. For this purpose, four important modifications can be taken into account if access to a special jacquard loom is possible. First, the conductive plates which conform the SIW structure can be achieved using conductive threads in both directions -warp and weft-. For this purpose, the assembly of the industrial loom must be updated, by the use of warp conductive threads. The procedure of changing the assembly of an industrial loom is very costly, for this reason, this prototype has been developed using an already manufactured woven structure for a different application.
Second, although related to the previous one, the loss corresponding to the dielectric materials can be reduced by the use of less dense woven structures and taking advance of the almost lossless propagation through the air.
Third, the conductive vias could be manufactured employing new woven patterns, avoiding the necessity of the embroider procedure. To do this, conductive weft threads must connect the three different layers of the woven structure.
Finally, the radiating slot can be achieved during the same weaving process avoiding the use of an external machine such as the prototyping laser machine. In order to do this, an ad hoc industrial jacquard loom provided with a cutting mechanism is required. As a consequence, when the path of a conductive thread has to be interrupted in order to generate the radiating slot, this thread continues its path through an auxiliary layer -a dummy layer-which is located above the top layer. Afterwards, in the same industrial loom, VOLUME 7, 2019 FIGURE 18. Measurement set-up with PNA-X and magnifications of prototype under test. a cutting mechanism eliminates the auxiliary layer be cutting in between the dummy and the top layers. This procedure is similar to the one used in order to manufacture the velvet fabrics.
VI. EXPERIMENTAL VALIDATION
With the aim of experimentally validating the prototype, the reflection coefficient has been measured using an Agilent N5247A PNA-X vector network analyser with the set-up presented in Figure 18 . The measured reflection coefficient has been compared with the simulations, as depicted in Figure 19 . The manufactured antenna operates at a central frequency of 5 GHz and the measured bandwidth has been found to be equal to 20%.
The manufactured prototype has been measured in a spherical range in anechoic chamber in order to characterize its radiation pattern, directivity, gain and total efficiency. The measurements have been conducted at the frequency f o = 5 GHz, which corresponds to the |S 11 | minimum, as observed in Figure 19 .
The radiation pattern of the textile antenna under test (AUT) has been measured at the distance of R = 5.4 m, which is in the far field region. Figure 20a represents the measurement set-up at the spherical range in anechoic chamber, where the AUT has been mounted in a cardboard and plastic platform as detailed shown in Figure 20b , and the probe antenna is a Narda 643 SGH [35] . The E-plane and H-plane normalized radiation patterns of the AUT have been measured. The measurements have been processed using ANCAN software [36] , [37] and compared with the simulated data, as depicted in Figure 21 .
A good agreement between simulated and measured CP components can be noticed. The difference between the simulations and measurements of the E-plane can be due to a fabrication defect in the slot, which is not exactly rectangleshaped as required, as it can be perceived in Figure 16a and Figure 16c . Additionally, this anomaly can be noticed in both the CP and the XP contributions, for the same range of angles.
However, in both E-plane and H-plane measured radiation patterns, the backward radiation is reduced in comparison to the simulations up to 10 dB and 20 dB for the E-plane and H-plane, respectively. The measured XP components present higher levels in comparison to simulations, especially in the E-plane. This could be due to the fact that the simulations are done using an homogeneous conductive material, although the manufactured antenna has been developed using conductive threads only in one direction, and the contact between these weft threads cannot be guaranteed. As a result, there is not any path for currents parallel to the warp direction, modifying the flow of the currents in comparison to standard SIW antennas. Nevertheless, a difference of 15 dB between the measured CP and the measured XP contributions for the E-plane has been considered to be an acceptable result for this novel antenna. Additionally, the measured XP contribution of the H-plane seems to have been slightly shift during the measuring procedure, as its minimum value does not correspond to θ = 0 • , but to θ = −15 • , avoiding a difference between the CP and the XP contributions of 30 dB at the direction corresponding to maximum radiation.
In order to demonstrate that the reason why there is so much difference between the values of the simulated and measured XP contributions is the lack of contact between the weft conductive threads, new simulations have been realized. For this purpose, the conductive covers of the simulated antenna have been substituted by segmented covers which emulate the conductive weft threads without contact between each other, as schematically depicted in Figure 22 . As a result, in Figure 23 , the original simulations, the measurements and the new simulations have been compared. As a consequence, the difference between the new simulations and the measurements has been reduced. Additionally, the measurements have been repeated after up to five washing cycles of the prototype, providing the same results. As a consequence, the prototype can be considered washable.
Directivity has been calculated by integrating the measured AUT radiation pattern, yielding to D M = 7.49 dB, which is in agreement with the low directivity of the AUT radiation pattern (as confirmed by the normalized directive gain pattern depicted in Figure 24 ). Analogously, Figure 24 also depicts the measured normalized gain pattern in the backward direction. AUT gain has been calculated by means of the intercomparison technique [38] , leading to G M = −4.9 dB. Finally, given the AUT gain and directivity, the AUT total efficiency can be calculated: eff_M = 5.77 %. A comparative between the simulated and the measured values of the gain, directivity and total efficiency is summarised in Table 3. A comparative between different textile SIW antennas found in the literature has been summarised in Table 4 in terms of the operating frequency, f, bandwidth, BW, gain, G, directivity, D, and efficiency, eff . In the case a parameter has not been provided in the corresponding paper, NP has been indicated instead. The antennas presented in [19] , [20] , and [23] - [25] present higher efficiencies for several reasons. The main reason is due to their operating at lower frequencies than the antenna proposed in this section. Moreover, in the beforementioned references, the conductive covers of the SIW structure of the antennas are achieved using different conductive fabrics (ShieldIT Super from LessEMF Inc.) in [23] , electrotextile in [19] and [24] , conductive copper plated taffeta fabric in [20] and [26] ), instead of woven patterns. In [22] , even though two different values of the gain are presented, for each frequency band, neither the directivity nor the efficiency are provided, consequently, the antenna is not completely characterized.
In [25] , a SIW antenna has been presented which is based on the same topology as the antenna presented in this paper. However, although the antenna presented in [25] has been fabricated using copper-plated taffeta electro-textile, it is not fully integrated into textile for several reasons. Firstly, the employed substrate is cork and, secondly, the conductive vias are achieved using brass eyelets. Moreover, the conductive taffeta and the cork substrate require an additional adhesive procedure to achieve a compact prototype.
In a nutshell, the antenna presented in this paper is a novel completely-textile prototype. As a consequence, gluing procedures, the use of prefabricated commercial conductive fabrics or the use of eyelets have been avoided for its fabrication. The proposed antenna presents a 20% bandwidth, the second highest in comparison to other alternatives in the literature, as summarised in Table 4 . The low value of the gain of the proposed antenna has been fundamentally attributed to the use of conductive materials only in one direction. Nevertheless, this issue could be solved, enhancing the performance of the antenna notoriously.
The antenna presented in this paper has also been compared to a previous work developed by Alonso-González et al. [16] , which is a woven antenna, although it has not been designed using a SIW topology, but a microstrip structure. This comparison is summarised in Table 5 . Due to the fact that the antenna presented in [16] is based on a microstrip structure, provided with a radiating slot in the ground plane, the microstrip line presents inherent radiation as it is not a stripline. For this reason, the radiation pattern of this antenna results not only in the desired radiation in the forward direction, but also in undesired radiation in the backward direction. As a consequence, the radiation patterns have only been represented in [16] from θ = −90 • to θ = 90 • .
Precisely, due to the undesired radiation in the backward direction in the prototype presented in [16] , in this paper, the topology has been changed and a SIW structure has been employed. The SIW structure is provided with two parallel conductive plates so that the plate which is not the one with the radiating slot, behaves as the ground plane, avoiding the radiation in the backward direction, as can be seen in the simulated and measured radiation patterns in Figure 21 and in the representations of the measured normalised gain patterns in Figure 24 .
Another fundamental difference between the antenna presented in [16] and the antenna presented in this paper is the feeding. Whereas the antenna in [16] is fed using a SMA connector through the side of the woven fabric -using two little shims of brass-, in this work, the antennas has been connectorised perpendicularly to the woven fabric. Although this could seem a little modification at first, in terms of wearable antennas, this is fundamental. The woven antennas are thought to be completely integrated in textile and, for this reason, the fabrics must not be interrupted to insert a connector, as happened in [16] , because the smart garment in which the antenna would be supposed to be integrated would not be a continuous fabric. Nevertheless, the antenna presented in [16] was the first approach to a woven antenna, and these fundamental details have not been taken into account, as the important goal was to demonstrate the radiation phenomenon using a woven structure.
VII. CONCLUSIONS
A novel mixed embroidery and woven coaxial-fed cavitybacked slot antenna for its use in wireless applications has been presented. First, a complete characterization of the employed textile materials has been explained. Then, a translation from a conventional SIW antenna into an embroidery and woven prototype has been presented. To validate the design, a prototype has been manufactured and experimentally characterized. The simulations have been compared to the measurements and a good agreement has been achieved.
Additionally, the antenna has been simulated using different scenarios. First, the performance of the antenna has been analysed bending it around an air-filled cylinder, as it is a flexible prototype. Then, the antenna has been analysed over a VOLUME 7, 2019 phantom corresponding to a segment of an arm. The phantom has been composed of materials which simulate muscles and bones. The performance of the antenna in these different circumstances has been found to be similar, thus the antenna could be used as a wearable device. In order to find a more realistic simulation set-up of the antenna, a segmented model of the antenna has been studied, in which the conductive covers have been substituted by segments of conductive and dielectric material in order to emulate the conductive threads in the weft direction.
As previously commented, the efficiency of the antenna could be significantly improved by using conductive threads in both the warp and the weft directions. Nevertheless, the authors have not had access again to an industrial loom to repeat the sample. Besides, substituting the warp threads in an industrial loom represents a very costly task which takes several days. For this reason, the purpose of this paper is to demonstrate the possibility of implementing an all-textile antenna, reducing the backward radiation, by the use of a SIW topology.
In addition, the prototype can be enhanced by manufacturing a completely woven TIW antenna by replacing the embroidered vias by new woven patterns using conductive threads. By doing this, the embroider procedure can be eliminated and, consequently, the cost and time employed to manufacture the antenna can be reduced. Additionally, the radiating slot can be achieved during the weaving process using an ad hoc jacquard loom provided with a cutting mechanism, avoiding the cutting process with the additional prototyping laser machine. Nevertheless, this work has been only focused on the novel idea of developing the all-textile TIW based antenna and demonstrating its potential application.
